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Abstract: Idiopathic pulmonary fibrosis (IPF) is a chronic, irreversible interstitial lung disease characterized by diffuse
pulmonary interstitial fibrosis and progressive decline in pulmonary function, with its etiology not yet fully elucidated. The
pathological process primarily manifests as recurrent injury and abnormal repair of alveolar epithelial cells, sustained activation
of fibroblasts, leading to excessive extracellular matrix deposition and structural remodeling of lung tissue in patients. This
review focuses on the pathological features, pathogenesis, and key signaling pathways of IPF, systematically summarizing
current major clinical treatment strategies to provide theoretical references for further elucidation of IPF pathogenesis and
exploration of more effective prevention and therapeutic approaches.
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1. Introduction

IPF is the most common and worst-prognosed subtype of idiopathic interstitial pneumonia, characterized by complex
pathogenesis involving multiple cellular and molecular processes. The median survival after diagnosis is 3—5 years, with
a rising global mortality rate "". The core pathological feature of IPF involves repair dysregulation following persistent
alveolar epithelial cell injury, leading to abnormal proliferation of pulmonary fibroblasts and extensive differentiation into
pulmonary myofibroblasts. This results in extracellular matrix (ECM) deposition in the pulmonary interstitium, ultimately
forming a “honeycomb lung” structure and impairing gas exchange function .

Due to the insidious early symptoms of IPF, clinical diagnosis is often confused with chronic obstructive pulmonary
disease (COPD) and heart failure, with approximately 60% of patients diagnosed at intermediate or advanced stages .
Currently, there is no curative treatment for IPF. Pirfenidone and nintedanib, as commonly used anti-fibrotic agents, can
slow pulmonary function decline but are associated with significant tolerance issues . Existing therapies can only delay
disease progression, underscoring the clinical importance of investigating IPF’s pathological mechanisms and therapeutic
targets. This article summarizes the pathological characteristics, pathogenesis, key signaling pathways, and current

treatment options for IPF to provide theoretical foundations for exploring effective therapeutic strategies.
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2. Pathological Characteristics of IPF

2.1. Pulmonary interstitial fibrosis

Pulmonary interstitial fibrosis is the most typical pathological feature of IPF, and its progression can be divided into three
stages: “damage-inflammation-repair imbalance.” After alveolar epithelial cells are injured by external stimuli, their
barrier function is compromised, leading to the release of pro-inflammatory factors and pro-fibrotic factors. Inflammatory
cells are recruited to the injury site, exacerbating local inflammatory responses. Pulmonary fibroblasts are activated and
differentiate into myofibroblasts, which synthesize large amounts of collagen, fibronectin, and other extracellular matrix
(ECM) components. Additionally, the activity of ECM degradation enzymes is inhibited, resulting in excessive ECM

deposition in the pulmonary interstitium ",

2.2. Inflammatory cell infiltration

The immune-inflammatory response serves as a critical defense mechanism of the body and an essential phase in injury
repair, maintaining normal physiological functions of tissues and organs by resisting various injuries and infections.
Abnormal injury repair is a primary pathological feature of idiopathic pulmonary fibrosis (IPF). The immune-inflammatory
response plays a pivotal driving role in the early stages of IPF pathogenesis, where activated inflammatory cells secrete
various inflammatory mediators to trigger inflammatory responses, thereby inducing dysregulation of injury healing
during IPF progression ¥ Studies have revealed a significant increase in macrophage count in alveolar lavage fluid from
IPF patients . Macrophages participate in inflammatory regulation, pulmonary tissue injury, and repair through two core

pathways, classical polarization and alternative activation—thereby influencing the onset and progression of IPF """,

3. Pathogenesis of IPF

3.1. Alveolar epithelial cell injury and epithelial-mesenchymal transition

Alveolar epithelial cell injury represents the initial pathological step in the pathogenesis of idiopathic pulmonary fibrosis
(IPF), with dysfunction of type II alveolar epithelial cells (AEC II) serving as the core etiological factor. In IPF, oxidative
stress, telomere shortening, and genetic mutations may induce “senescence phenotypes” in AEC II, characterized by
reduced proliferative capacity, secretory dysfunction, and increased apoptosis """, Damaged AEC II can undergo
“epithelial-mesenchymal transition” to transform into myofibroblasts. Under the influence of factors such as TGF-f1
and IL-1PB, AEC 1II lose epithelial markers and acquire migratory capabilities, subsequently secreting extracellular matrix
(ECM) upon entering the pulmonary interstitium, thereby promoting the progression of IPF "',

3.2. Activation and proliferation of lung fibroblasts

The activation of pulmonary fibroblasts is a pivotal step in the fibrotic process of IPF, and its activation is regulated by
multiple factors. Resting pulmonary fibroblasts exhibit weak ECM synthesis capacity; upon stimulation by pro-fibrotic
factors such as TGF-PB1 and PDGF, they can activate intracellular signaling pathways, differentiate into myofibroblasts,
and secrete large amounts of ECM, thereby exacerbating pulmonary fibrosis accumulation "'”. TGF-1, as a key cytokine
responsible for fibrosis ", binds to TGF-f receptors on the membrane of pulmonary fibroblasts, activating both Smad-
dependent and non-Smad pathways, which promote the expression of downstream fibrotic target genes and drive the

progression of pulmonary fibrosis ""*'*'.

2.3. ECM remodeling imbalance
Abnormally activated fibroblasts extensively synthesize extracellular matrix components such as collagen and fibronectin,

leading to ECM structural remodeling. In IPF patients, the dynamic balance between matrix metalloproteinases and tissue
inhibitor of metalloproteinases is disrupted, thereby impairing the normal degradation capacity of ECM and promoting its
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persistent abnormal deposition in lung tissue, ultimately accelerating the onset and progression of pulmonary fibrosis .

2.4. Oxidative stress and cellular damage

Oxidative stress is a significant predisposing factor for the pathogenesis of IPF, with its core mechanism involving an
imbalance between reactive oxygen species (ROS) generation and clearance in lung tissue. Excessive ROS directly
induces oxidative damage to DNA, proteins, and lipids, ultimately leading to cellular injury. In IPF patients, oxidative
stress responses in lung tissues are markedly enhanced, characterized by excessive accumulation of superoxide anions and
hydrogen peroxide, coupled with dysregulation of the body’s antioxidant defense systems, which accelerates pulmonary
fibrosis progression *\. Additionally, multiple oxidative stress-related signaling pathways exhibit aberrant regulation
in IPF. Activation of the NF-xB pathway promotes the release of various pro-inflammatory factors, while Nrf2 activity
is significantly reduced in IPF patients, resulting in impaired clearance of excess ROS. This creates a vicious cycle of

oxidative damage and repair dysregulation, driving sustained progression of pulmonary fibrosis **.

2.5. Immune inflammatory response

In patients with idiopathic pulmonary fibrosis (IPF), the number of various inflammatory cells, such as macrophages,

T lymphocytes, and neutrophils in lung tissue is significantly increased **!

[24]

, releasing large amounts of TNF-a and IL-6
to trigger inflammatory responses ', exacerbating pulmonary tissue damage. B lymphocytes and T lymphocytes in the
lung tissue of IPF patients exhibit extensive abnormal activation, leading to the production of autoantibodies and immune
complex formation, which further aggravate inflammatory reactions and pulmonary tissue injury *>**. During the early
stage of alveolar epithelial cell (AEC) injury, neutrophils are extensively recruited to the injury site, where they release
pro-inflammatory mediators and neutrophil elastase (NE) to stimulate downstream immune responses, thereby inducing
abnormal repair of damaged tissues during IPF progression. Additionally, NE accelerates the formation of pulmonary
scar tissue and the progression of pulmonary fibrosis by promoting fibroblast proliferation and differentiation, inducing

myofibroblast activation, and upregulating a-SMA expression """,

3. IPF-related signaling pathways

3.1. TGF-B/Smad signaling pathway
The TGF-Bf/Smad signaling pathway is a critical pathway in the pathogenesis of fibrosis. TGF-B1, as a key stimulatory

factor

, plays a significant role in pulmonary fibrosis. By activating the Smad signaling pathway, TGF-1 promotes the
proliferation, activation, and migration of pulmonary fibroblasts, as well as upregulates collagen synthesis and secretion,
thereby advancing the progression of idiopathic pulmonary fibrosis (IPF) °”. The Smad-dependent signaling pathway
is a classical mechanism underlying the development of IPF. In IPF patients, the TGF-f/Smad signaling pathway is
abnormally activated in lung tissues, with significantly elevated levels of TGF-1. TGF-B1 binds to TGF-BRII, inducing
its phosphorylation and recruiting TGF-RI, which subsequently activates downstream Smad2/3 proteins. These proteins
then form complexes with Smad4, translocating from the cytoplasm to the nucleus, where they bind to promoter regions of
target genes such as COL1A1, a-SMA, and Snail, regulating gene expression and promoting extracellular matrix (ECM)

synthesis and epithelial-mesenchymal transition (EMT) processes .

3.2. Wnt/B-catenin signaling pathway

The Wnt/B-catenin signaling pathway plays a critical role in embryonic development and tissue repair, with its abnormal
activation being closely associated with the fibrotic process in idiopathic pulmonary fibrosis (IPF). Under normal
conditions, cytoplasmic B-catenin is phosphorylated and degraded by a complex composed of glycogen synthase kinase-3f3
(GSK-3p) and AXIN, keeping the pathway in an inhibited state. During IPF development, this pathway becomes activated.
In IPF patients, expression levels of Wnt3a, B-catenin, and their target genes are significantly elevated in lung tissues. Wnt
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ligands such as Wnt3a and Wnt5a bind to cell membrane receptors Frizzled/LRP5/6, inhibiting GSK-3f protein activity.
Consequently, B-catenin fails to be effectively degraded, leading to persistent accumulation in the cytoplasm. Upon
entering the nucleus in large quantities, it binds to downstream transcription factors, thereby regulating the proliferation

and differentiation of pulmonary myofibroblasts and influencing the fibrotic process .

3.3. Hippo/YAP/TAZ signaling pathway

The Hippo/YAP/TAZ signaling pathway is a critical pathway regulating cell proliferation, apoptosis, and organ size.
Recent studies have revealed its significant role in idiopathic pulmonary fibrosis (IPF). In IPF, excessive deposition of
pulmonary interstitial extracellular matrix (ECM) inhibits Hippo pathway activity, leading to sustained activation of YAP/
TAZ. Activated YAP/TAZ promotes pulmonary fibroblast proliferation and ECM synthesis, induces alveolar epithelial
cell senescence, and suppresses reparative functions. Research has demonstrated that YAP gene knockout significantly
alleviates pulmonary fibrosis in mice, suggesting that YAP/TAZ may represent a potential therapeutic target for IPF P,

3.4. JAK/STAT signaling pathway

In IPF, the JAK/STAT signaling pathway is abnormally activated, regulating the upregulation of downstream pulmonary
fibrosis-related genes, leading to increased synthesis of collagen and fibronectin, and reducing ECM degradation by
inhibiting MMP expression or promoting TIMP expression. This results in excessive ECM deposition in IPF, exacerbating
disease progression °*. The JAK/STAT signaling pathway synergistically promotes fibroblast proliferation and activation
while inhibiting the AECs’ repair, thereby advancing pulmonary fibrosis **. Studies have demonstrated that IL-6 and IL-
10 activate JAK2 and STAT3, promoting fibroblast proliferation and differentiation into myofibroblasts, increased ECM
synthesis, and subsequent excessive deposition, thereby aggravating the pathological course of IPF *”'. Furthermore,
research confirms that IL-27 significantly downregulates JAK/STAT signaling pathway activation by inhibiting STAT1 and
STATS5 phosphorylation, thereby delaying IPF progression ™. These findings indicate that JAK/STAT signaling pathway-
targeted therapeutic strategies hold significant clinical potential in the treatment of pulmonary fibrosis.

3.5. PI3K/AKT signaling pathway

In patients with idiopathic pulmonary fibrosis (IPF), the expression of PI3K and AKT in lung tissue is significantly
elevated. The key pathogenic factor TGF-B in IPF activates the PI3K/AKT signaling pathway, inhibiting apoptosis of
alveolar epithelial cells (AECs) and enhancing their migratory capacity. Excessive migration and survival lead to abnormal
phenotypic transformation of AECs, thereby promoting the occurrence and progression of epithelial-mesenchymal
transition (EMT) and exacerbating IPF development. Tetrahydroindene (TET), as an intervention agent for the PI3K/AKT
signaling pathway, can significantly ameliorate silica-induced pulmonary fibrosis models. Studies have demonstrated that
TET can target and regulate the PI3K/AKT signaling pathway, downregulating the expression levels of fibrosis-related
biomarkers, providing novel therapeutic targets and strategic directions for pulmonary fibrosis treatment ™.

3.6. MAPK signaling pathway

Extracellular signal-regulated kinase ERK, p38 mitogen-activated protein kinase, and c-Jun N-terminal kinase are
components of the MAPK pathway. The ERK signaling pathway promotes fibroblast proliferation and activation, increases
extracellular matrix (ECM) synthesis, and drives the progression of idiopathic pulmonary fibrosis (IPF). In bleomycin-
induced IPF rat models *”, the expression levels of ERK1 and ERK2, key members of the ERK signaling pathway, were
significantly upregulated, confirming their critical regulatory roles in the pathological process of pulmonary fibrosis. In

bleomycin-induced IPF models ™"

, INK expression levels were markedly elevated. The JNK signaling pathway contributes
to IPF development by promoting abnormal fibroblast activation, facilitating myofibroblast differentiation, increasing

ECM synthesis and secretion, and regulating the release of pro-inflammatory cytokines such as TNF-a and IL-6.
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4. Current treatment options for IPF

4.1. Anti-fibrotic drug therapy

Currently, there are no effective drugs available for the treatment of IPF. Pirfenidone and nintedanib are the primary
medications capable of alleviating IPF symptoms “*. These agents exert their therapeutic effects by inhibiting pulmonary
fibroblast activation and ECM synthesis, thereby delaying IPF progression, reducing the risk of acute exacerbations, and
lowering mortality rates "\

Pirfenidone inhibits the TGF-B/Smad signaling pathway, reduces the secretion of fibrogenic factors and pro-
inflammatory factors, thereby suppressing abnormal proliferation and activation of pulmonary fibroblasts, decreasing
fibroblast differentiation into myofibroblasts, reducing collagen synthesis, and prolonging patient survival ", Nintedanib
blocks downstream signal transduction processes by targeting PDGF receptors, FGFR receptors, and VEGF receptors.
Nintedanib inhibits PDGF-mediated fibroblast proliferation and migration, suppresses FGFR-mediated ECM synthesis,

inhibits VEGF-mediated angiogenesis, and alleviates pulmonary interstitial inflammation **'.

4.2. Pulmonary rehabilitation and supportive therapy

Pulmonary rehabilitation therapy is currently an effective method for alleviating IPF, capable of improving patients’
dyspnea symptoms, enhancing exercise tolerance, and improving quality of life. IPF patients can improve their quality of
life through respiratory training, exercise training, psychological intervention, and oxygen therapy. Supportive treatments
also include preventing pulmonary infections, such as influenza vaccination and pneumococcal vaccination, managing
comorbidities like gastroesophageal reflux disease, and utilizing proton pump inhibitors for treatment. These measures can

reduce the risk of acute exacerbations in IPF and improve patient prognosis "\

5. Conclusion

IPF is a disease characterized by complex pathogenesis, poor prognosis, and relatively limited treatment options. Therefore, an
in-depth understanding of its pathogenesis and pathological features holds significant theoretical importance for the development
of novel therapeutic agents. This article focuses on multiple signaling pathways closely associated with IPF, including TGF-p/
Smad and Wnt/B-catenin pathways. These pathways collectively influence key pathological processes, such as fibroblast
activation, extracellular matrix metabolism imbalance, and inflammatory responses, thereby promoting the onset and progression
of pulmonary fibrosis. However, the pathogenesis of IPF remains complex. Future research requires systematic exploration of
the regulatory mechanisms of these signaling pathways to provide critical theoretical foundations for screening novel biomarkers
for early disease diagnosis and identifying clinically valuable therapeutic targets. This will further advance the development of
precision diagnosis and treatment systems for IPF and improve the quality of life for the patients.
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